Abstract. Accurate simulation of surface productivity, dissolved nutrient and oxygen concentrations, and particulate carbon flux are critical components of any viable surface water quality model. A linear, three-component model consisting of a dissolved limiting nutrient, phytoplankton, and zooplankton coupled to a one-dimensional turbulence closure fluid flow model has been constructed and applied to a generalized surface water setting. The model transfers nutrients from the euphotic zone to the subeuphotic zone using empirical biogenic flux-depth relationships. The model does not require specification of biogenic particle settling velocity which is known to vary by at least 2 orders of magnitude in natural surface waters and thus constitutes a major source of uncertainty in many biogeochemical models. Using an empirical biogenic flux-depth function to transfer nutrients through the water column introduces spatial errors which are most extreme in deep water. The model is thus most appropriate for lakes, estuaries, and shallow (<1000 m deep) marine settings. Restricting the model to three components with seven empirical constants permits a high degree of computational efficiency. Sensitivity analyses of the empirical constants show that integrated surface productivity is responsive to the three constants related to light (initial slope of the light-productivity curve, light attenuation coefficient of the water, and photosynthetically available radiation) while being relatively insensitive to constants which are strictly related to biogeochemical transformations (remineralization rate, nutrient half-saturation constant, maximum zooplankton growth rate, and Ivlev constant for zooplankton growth). Model simulations using idealized surface temperature boundary conditions produce thermal and biogeochemical characteristics of a typical temperate-latitude lake. The simulations also suggest that vertical mixing plays an important role in producing the late seasonal, deep chlorophyll maximum commonly observed in many surface water settings.
Introduction
The biogeochemical cycles of surface water are a key component to understanding many important processes in Earth science and environmental engineering. Nutrients are consumed in the euphotic zone by phytoplankton which are then cycled through a food chain. Organic detritus and fecal material from the food chain settles through the water column where it is remineralized into dissolved organic and inorganic constituents. Oxygen is consumed during the course of this subeuphotic zone remineralization. A small fraction of the particulate organic carbon flux becomes permanently sequestered in bottom sediments. These processes have been studied in the field, in the laboratory, and with numerical models over the past few decades. An overview of previous numerical models is provided here as a prelude to the model described in this paper.
Aquatic biogeochemical models which simulate photosynthesis-respiration processes vary enormously. The most simple and direct are box models in which various spatial compartments are linked by a physical mixing mechanism. Box models of oxygen and nutrients have been effectively applied to the Copyright 1995 by the American Geophysical Union. [Walsh, 1975; Wroblewski, 1977; Walsh et al., 1988; Hofrnann, 1988] . While the sophistication inherent in these models is often necessary to provide complete spatial coverage of phytoplankton, zooplankton, bacteria, and other biogeochemical components, they are computationally intensive and can often only be run on state-of-the-art, array-processing computers by a small number of research organizations.
There are a variety of applications for which complete, three-dimensional coverage of the aquatic regime is necessary, yet a complete aquatic ecosystems model is not required. Examples include the spatial distribution of carbon flux to the sediments in marine and terrestrial environments, the controls of bottom water eutrophication by various physical forcings (e.g., wind, river water inflow), and the response of surface productivity to point source and nonpoint source nutrient loading. In these situations, simulations of specific sizes and forms of phytoplankton, zooplankton, and bacteria may be unnecessary. A simplified biogeochemical model based on sound assumptions represents a cost-effective alternative to complete, but computationally intensive, ecosystem models. Not only must fewer conservation equations be solved, but the biogeochemical model does not require nonlinear equation solvers (e.g., Runge-Kutta) which are often employed in other biogeochemical models. Initial simulations involve coupling the three-component biogeochemical model to a one-dimensional, turbulence closure fluid dynamic model. In this paper the model is described, sensitivity analyses are performed, an idealized simulation is presented, and specific relationships between water column physics and biogeochemistry are discussed. In the second paper of this study [Jewell, this issue], the one-dimensional model is applied to four well-studied yet diverse marine and lacustrine settings. The three-component, one-dimensional model has been developed as a prelude to more ambitious, computationally intensive, three-dimensional simulations of nutrient loading in lakes, the response of productivity and carbon flux to physical forcings in coastal upwelling zones, and a variety of other research topics.
Model Description
The biogeochemical model presented here rests on the premise that the water column can be separated into two parts: the euphotic zone where dissolved nutrients are transformed into particulate organic matter and cycled through a surface ecosystem and the subeuphotic zone where remineralization of the particulate matter dominates (Figure 1) . The boundary between the two domains is known as the "compensation depth" and is defined as the point at which photosynthesis equals respiration [Parsons et al., 1984] . This model differs from most previous ecosystem models in that the transfer of nutrients from the euphotic to the subeuphotic zone is accomplished by empirical biogenic flux-depth relationships [Suess, 1980; Martin et al., 1987; Berger et al., 1989 , Bishop, 1989 ] rather than specification of a vertical settling velocity for biologically produced particles. Particle settling velocity is a feature of most previous ecosystem models, yet this parameter is known to range between 0 and 1000 m/d [Smayda, 1970] . Although data used to construct empirical biogenic flux-depth relationships show considerable scatter [e.g., Bishop, 1989] , their use in this model is believed to represent a considerable improvement on the single settling velocity models. Although the biogenic flux-depth relationships have been exclusively derived from marine settings, there is no reason to believe they are not generally applicable to lakes. The exact form and application of these relationships are discussed in detail below.
Biogeochelnical Equations
The three-component biogeochemical model consists of a dissolved, limiting nutrient, Ni; phytoplankton, P; and zooplankton, Z. The three components are coupled in linear fashion in both the euphotic and the subeuphotic zones (Figure 1) . Conservation of the three biogeochemical components is de- Although dissolved oxygen is not modeled in this study, it would be relatively simple to model oxygen as a component which is produced by photosynthesis, consumed by respiration, and coupled to dissolved nutrient concentrations by simple Redfield-type stoichiometry [e.g., Southam et al., 1982; Jewell, 1992] . Oxygen is not modeled in this study because much of the oxygen consumption in the lower portions of shallow lacustrine and marine settings is the result of flux into the sediments. Previous studies of dissolved oxygen with the one-dimensional turbulence closure model described below suggest that the calculated vertical mixing rates produced by the model in the lower portion of the water column are too small [Jewell, 1992] . Since the focus of this study is biogeochemical processes in surface waters where oxygen is often close to saturation, dissolved oxygen simulations were not undertaken.
Photosynthesis, respiration, and grazing. The expressions for the source and sink terms in ]. The applicability of (11) to aquatic domains of <100 m depth is a point of continuing model evaluation. For most oligotrophic and some mesotrophic settings the compensation depth is >100 m [Parsons et al., 1984] , and the transfer of nutrients via (13) is justifiable on the basis of the empirical formulations. For highly productive environments, the compensation depth is usually <100 m because of the light limitation expressed in (6) and (7). In these productive settings, nutrients transferred in the model via (13) to depths above the thermocline tend to be rapidly mixed back into the euphotic zone via turbulent diffusion and thus remain in the biologically active portion of the model. Nutrients transferred to depths below the thermocline and above 100 m are not within the depth range used to construct expressions such as (11) [Walsh, 1988] (Table 1) Choice of a limiting nutrient. Considerable research effort has been directed toward determining the nutrient which limits biological productivity in lakes and oceans. Nitrate is generally believed to be the limiting nutrient in most portions of the ocean [e.g., Codispoti, 1989] , whereas phosphate limits production in most lakes [Schindler, 1977] . Iron may limit phytoplankton growth in high-latitude portions of the ocean [Martin and Fitzwater, 1988; Martin et al., 1990] .
This study simply employs a generic limiting nutrient (equation (1)), which can represent either phosphorus or nitrate. Once concentrations of the limiting nutrient are exhausted, productivity ceases (equations (4) and (12)).
Model Simplifications and Constraints
Horizontal advection. An obvious potential source of error in the deep water portion of the model arises from the instantaneous transfer of nutrients from the euphotic to subeuphotic zones in conjunction with horizontal advection of dissolved and particulate nutrients (Figure 2) . The magnitude of this error depends on the amount of horizontal advection, the depth of the water column, and the actual settling velocity of the particles. Most particle settling velocities are between 1 and 100 m/d [Smayda, 1970] . If the settling velocity is relatively low and the water relatively deep (> 100 m), then it could take particles as much as 100 days to move from the euphotic zone to deep water. If deep water horizontal velocities are high and particle settling velocities low, then the difference between deep water calculations of a biogeochemical model which spec-MODEL, 1 2051 ifies particle settling velocity and a model such as this one which instantaneously transfers the particles through the water column could be significant (Figure 2 ). Higher particle velocities or shallower water would, of course, reduce this error.
The potential errors in simulations of deep water particulate organic matter are not considered critical since many of the applications envisioned for this model (e.g., simulation of surface productivity as a function of point and nonpoint source nutrient loading) are surface layer phenomena. Spatial errors in the simulation of subeuphotic zone processes (e.g., eutrophication) would be dependent on the particular domain being modeled. Deep water horizontal velocities in most lakes are relatively small (order of centimeters per second) [Hutchinson, 1975] , so the error in simulating this domain should be relatively minor. Although current velocities over the continental shelf can be high (the order of 1 m/s), water depths are generally <100 m, so this is another domain where the model could probably be used. As mentioned previously, measured particle settling velocities can vary by more than 2 orders of magnitude and are a major source of uncertainty in many aquatic ecosystem models. 
Model Simulations
The three-component biogeochemical model has been coupled to a one-dimensional turbulence closure, fluid flow model and applied to a generalized surface water setting. The generalized model run described here is intended to provide a framework for subsequent model application to specific settings. The model run consists of a 3-year simulation in which the final year of the simulation is saved and plotted. Differences between computed variables of the first and second year were significant, whereas differences between the second and third year simulations were minor. The fluid flow model used in this study is based on theoretical and laboratory studies of turbulence closure described by Yamada [1974, 1982] 
Boundary Conditions and Numerical

Sensitivity Analyses
Sensitivity analyses were conducted for the model time step and grid spacing (Table 3) , as well as the seven empirical constants used in the biogeochemical model (Table 4) . For each sensitivity analysis simulation a vertically integrated annual average productivity was calculated for comparative purposes.
Changing the grid spacing and time step changed the model output very little. Vertically integrated surface productivity varied by no more than 10% as the time step was varied from 15 min to 2 hours and the number of grid points varied from 20 to 80 (Table 3) . Concentrations of individual chemical components showed higher variability at low concentrations. All physical and chemical variables showed the same spatial and temporal patterns regardless of the time step and grid spacing.
Changing four of the seven parameters in the biogeochemical model (maximum zooplankton growth rate, Ivlev constant, nutrient half-saturation constant, and remineralization rate) produced relatively little change in the integrated productivity (Table 4) [Jerlov, 1976] and PAR [Fasham et al., 1990 ] are generally in a fairly narrow range, and specifying these parameters is considered less critical. Interestingly, the three most sensitive model parameters all deal with the light regime, while the four relatively insensitive parameters (maximum zooplankton growth rate, Ivlev constant, nutrient half-saturation constant, and remineralization rate) are strictly related to the changes in the biogeochemical variables.
where wu and w v are horizontal Reynolds shear stresses, t is time, T is 1 day, and A is maximum daily wind stress ( Table 2) . The diurnal variation in wind direction implied by (14) is meant to simulate the time-varying kinetic energy input at the air-water interface. Of course, natural wind over most aquatic (particularly marine settings) seldom has diurnal variation. The purpose of this study was to evaluate the performance of a new biogeochemical model using realistic, but idealized, physics, and so this method of time-varying wind stress is considered acceptable.
The fluid dynamic and biogeochemical equations are solved with an implicit finite difference scheme in the vertical dimension and a leapfrog time-differencing scheme [Mellor and Durbin, 1975 ]. The model runs described below used 40 verti- Standard values from Table 1 give an average annual productivity of 38.7 g C m-2/yr. [Jewell, 1992] . Nitrate concentrations are uniformly distributed through the water column prior to the onset of seasonal stratification (Figure 3c) Although computationally simple, the model described here is not without drawbacks. Certainly, it is not possible to study the fine details of all the possible biogeochemical components found in nature (e.g., bacteria and dissolved organic matter). The model is probably most appropriate for studying phenomena in relatively shallow water regimes such as lakes, estuaries, and marginal marine environments (e.g., continental shelves, inland seas). Research is currently under way to use threedimensional versions of the model to study the interaction between physics and biogeochemistry in a number of these environments.
